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2025 filter was applied, with the optimal value determined using a geometric
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Three-Dimensional transitioned from brief, sporadic events to more prolonged and
Drought Clustering widespread systems. Among the five drought severity thresholds

examined, the moderate drought threshold (-2.0) was identified as
. optimal, providing a balanced trade-off between event frequency and
Drought - Severity  Index spatial coverage. Additionally, a minimum cluster size of 16 voxels was
(scPDSI) established as the geometric filter threshold, effectively eliminating noise
Drought Regime Shift (small, transient clusters) while preserving significant drought events and
enhancing structural coherence.The results demonstrate that drought
clusters since 2000 have become larger, more persistent, and spatially
Cluster Size Filtering extensive. Simultaneously, regions in central, western, northeastern, and
northwestern lran—previously less affected by severe drought—have
emerged as new hotspots of persistent drought activity, showing a
significant increase in both event frequency and duration. The integration
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methodological innovation to drought studies, enhancing scientific
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EXTENDED ABSTRACT

Introduction

Drought is a complex environmental hazard with far-reaching ecological, agricultural, and social
impacts. In Iran’s arid and semi-arid climates, its persistence has intensified the risks to water and land
resources. While traditional studies have used indices such as the SP1 and PDSI at local scales, they often
lack the spatiotemporal continuity needed to capture full drought dynamics.

This study addresses this gap by applying a three-dimensional clustering approach to monthly scPDSI
data (1958-2022) from the high-resolution TerraClimate dataset. Using a connected component labeling
algorithm and a geometric threshold optimization method, this study identified and analyzed meaningful
spatiotemporal drought clusters across Iran.

The goal was to evaluate the structural patterns and regime shifts in drought behavior. This method
offers a novel contribution to drought monitoring and supports an improved understanding and adaptation
planning.

Material and Methods

This study applied a multi-step, observational approach based on three-dimensional clustering of
monthly scPDSI data to analyze spatiotemporal drought events in Iran (1958 to 2022). The framework,
adapted from Diaz et al. (2024), included three main steps: (1) 3D connected component labeling to extract
continuous drought clusters; (2) cluster size filtering to remove small insignificant structures; and (3)
threshold sensitivity analysis to determine the optimal drought intensity level.

Drought severity was measured using the Self-Calibrating Palmer Drought Severity Index (scPDSI),
calculated from the TerraClimate dataset, which offers ~4 km resolution gridded climate variables. Data
processing was conducted in MATLAB and involved creating a 3D data cube (latitude—longitude—time)
and converting scPDSI values to binary drought classifications using five thresholds (-0.5 to —4.0). The
resulting binary maps were used to detect, filter, and analyze major drought events in the study area.

Results and Discussion

This study identified and analyzed over 7,400 drought clusters across Iran from 1958 to 2022 using 3D
clustering of scPDSI data. The number, size, and duration of the detected clusters were highly sensitive to
both scPDSI thresholds and minimum size filters. At milder thresholds (e.g., —0.5), many clusters were
small and short-lived; however, with stricter thresholds (e.g., —4), fewer clusters were observed, but they
were spatially extensive and temporally persistent.

A geometric optimization technique based on curvature analysis (cos C method) was used to determine
the optimal cluster size filter. The threshold of scPDSI = -2 and a minimum size of 16 voxels yielded the
most coherent and hydrologically meaningful drought events. This filter eliminated noise while preserving
significant long-term events, enabling a clearer depiction of the drought structure.

Temporal analysis revealed an upward trend in the percentage of land under drought (PDA) since 2000,
with increasingly frequent and spatially synchronized drought episodes occurring. Moderate droughts (—2)
peaked during key periods, such as the late 1960s, the early 1980s, and post-2000, whereas extreme
droughts (—4) became more prominent after 2000. Spatial maps confirmed that long-duration droughts
predominantly affected the central, western, and northeastern provinces, whereas previously low-risk
regions (e.g., Golestan, Ardabil, Razavi Khorasan) emerged as new hotspots.

The findings indicate a regime shift in Iran’s drought behavior over the past two decades, with events
becoming more chronic, extensive, and synchronized. This transformation underscores the inadequacy of
short-term or localized drought interventions. Instead, this study highlights the need for regionally
integrated and long-term adaptive strategies. The use of 3D object-based analysis provides new insights
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into spatiotemporal drought dynamics and offers a replicable framework for advanced drought monitoring
in arid regions.

Conclusions

This study provides a comprehensive structural analysis of drought events in Iran from 1958 to 2022
using a novel 3D clustering framework applied to high-resolution climate data. This method enabled the
identification of droughts as continuous spatiotemporal phenomena, independent of administrative or
station-based constraints.

The results revealed a regime shift toward more persistent and extensive droughts after the early 2000s,
with events becoming longer, more widespread, and frequent. This transition may be attributed to climate
change and ocean—atmosphere variability, signaling increased cumulative risks to ecosystems and the
economy of the region.

Through a systematic threshold sensitivity analysis, a sScPDSI value of —2.0 was identified as the optimal
threshold, balancing event frequency and physical relevance. Additionally, a geometric optimization
technique established a cluster size filter of 16 voxels, which improved the reliability of the identified events
by removing noise without excluding significant droughts.

Spatial analysis revealed that while traditionally arid regions remain vulnerable, new drought hotspots
have emerged in the central, western, and northern provinces, necessitating a re-evaluation of regional
drought risk maps and adaptation strategies.

This study demonstrates the value of 3D clustering in understanding the complex spatiotemporal nature
of droughts. While this study focused on static attributes, such as duration and extent, the framework also
lends itself to future dynamic analyses of drought propagation. Integrating this method into climate
monitoring systems can enhance early warning capabilities by detecting emerging drought clusters and
predicting their development pathways.

In summary, this study shows that a multidimensional and systems-based perspective on drought can
significantly improve both scientific understanding and practical response capacity. Future studies should
integrate climate change scenarios and link drought clusters to economic and environmental impact data to
enhance national resilience.
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Fig.2. Schematic overview of the methodology for 3-D drought cluster calculation: drought indicator
calculation (Step 1), classification of voxels in drought (Step 2), and 3-D cluster calculation (Step 3). The middle

and bottom panels provide 2-D and 3-D views at each time step (t). Note that when we refer to the 2-D space,
we use the term cell, while in the 3-D space we use voxel. (Diaz et al., 2024)
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Fig.3. Scheme of the method used to calculate the optimal cluster size filter. Angle C was calculated using
the sides a, b, and c of the triangle formed by the three subsequent points (zoomed-in view) (Diaz et al., 2024).

P olpl IS @lp yoll pbasogs aslis Sl (nXle ((JSis Sosaily bagSl 5l M (6 pgai &) jslaiea,

(o 2l (o8 Ghewd 3 Sloo S sla jisn aS wes e lis aidl pl zo bl (F JSK8) 050 )T Al Yo YY B YA0A 650
oo SeSis bl i sade Silo (e polie cpl ailodg azli saie polie slyls o815 Slelas )| g (635 50 3blie
(2552 )lgi g ygeld Ao (giS B0 g il ol o Jilde jo el 4idS gans il 5l s b o (2l onl po
ugb)asobJomwsujb) Lylys Slo a5 il Sall jao 4 Soo5 polie lyls ( >le plo b anglio jo
cooddl Julse 5l oS 5 Basma il Yl (s Saesils (1 Slhe jo olad slacgles plcul ooy o ygs Sy o



Olos 9 Yo 0015 (oo
e 95595 b olnl 50 JSlS 0155 jmd g LS L oo

Sy S aSly o 8s0 bayay S LB H5a8 0 ISt 5 bl a5 0 0 05T g 05lu e @2l ol o JlSis

09h o0 Dgmire Bblie 5l (g )leas jo onbansls g (roye

scPDSI
2

0 100 200 300kmJ G0 15

-2

VoYY BYAOA 598 b o))l ,0 (SCPDSI) pubasiogs jelb JSis suds jasls Gasaid nSile —F JSi
Fig. 4. Spatial distribution of the long-term mean scPDSI in Iran from 1958 to 2022
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Fig.5. The number of clusters (nc), duration (in months), and spatial magnitude (number of voxels) are shown

for all thresholds (0.5 to —4.0) and minimum cluster size filters (0-100 voxels). This includes clusters of all
durations and magnitudes.
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Fig.6. Filtered distribution of 3D drought clusters, excluding one-month events. Drought clusters of at least two

months in duration were presented, highlighting persistent drought structures across the range of scPDSI
thresholds and filter values. One-month clusters were removed to eliminate short-lived anomalies.
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Fig.7. Duration—magnitude structure of 3D drought clusters with durations of less than 24 months. It focuses on

short- to medium-duration drought events, visualizing clusters with durations of 2 to 24 months. Spatial
magnitude is expressed as the number of voxels, allowing for the assessment of compact yet impactful drought

episodes.
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Fig.8. Filtered 3D drought clusters with durations between 2 and 24 months were used. The final set of filtered
drought events—excluding one-month clusters and limiting the maximum duration to 24 months— emphasizes

short- to mid-term droughts likely to recur within agricultural or hydrological. cycles.



Olos 9 Yo 0015 (oo
e 95595 b olnl 50 JSlS 0155 jmd g LS L oo

Sl gl ol s A g bl gla)bsle Bl g JLSas ol slaadss olulid jo cds (lBl jlaiea,
all cosC J3ls saygly olgie cow aS g, ol (AJSE) ol oolaiw] gwaie Jdoo 5 e jemmecsls 8 S5,
Ll o sassly samlbe b aiS oo Jos €adgs ojlail Bliwl ply o bbadgs sl Jove bl sal » wgd oo
Omesd adsS S A e pliedr aad oo s ) (Gl galai) Lol o yd o5 slabads (poee (ol o Jlsie
s ol agy Jlode ¥ Bliwl jo a5 ols Glas (Y B -+/0 ) Lasle il mhaw g 40 Ghg, ool sl 005 e
b aloohis ) & GoliecSasS 5 GuaoelsS slodtiss IS somimoplis abii ol Cunl JuSs V8 L ply g o5l
lwosls acgarmo azgi BB VL 4 poie (LS V7 2hd cnl Jlosl ol jloline (So3glgyunn JLSle 5 Sbej s5lnb
Ol JlSis sloaiss Sloi Sl plrdl gl slonsi 5 5,63l slags, bl Bl el o5 GlaigSay i
Sl )8, Sloy slass, (o sred A A Sladddes plxil 6ln Grelae (Sl (VL Il e cnl 8L

el galp el closSI Lol 5 JlS

DI=.5 DI=-1.0 4 DI=-2.0 DI=-3.0 4 DI=-4.0
T ] T 10 T T 10 T

Number of Clusters
Number of Clusters
Number of Clusters
Number of Clusters
Number of Clusters

81 )

! 10 L L ! !
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100

Min Cluster Size (voxels) Min Cluster Size (voxels) Min Cluster Size (voxels) Min Cluster Size (voxcls) Min Cluster Size (voxels)

loabgs iVl yild (saige o)l ololis -1 JS
Fig.9. Identification of optimal clearling filter size
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Fig.10. Time series of Percentage Drought-Affected Area (PDA) across Iran from 1958 to 2022
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Fig.11. Monthly heatmaps of Percentage Drought-Affected Area (PDA) across Iran from 1958 to 2022
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[months]. (b) Frequency of cluster occurrence in each grid cell during the study period.
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